[1] In the NW North American Cordillera, the Cascades core region of the Coast Plutonic Complex underwent Late Cretaceous (>96 Ma to locally 73 Ma) SW-NE contraction and crustal thickening followed by dextral transpression ($73 to 55 Ma), then transtension (<55 Ma). Exhumation occurred during all three phases. During contraction, slow exhumation ($0.6 mm/yr) occurred along the margins of the core, driven by isostatic rebound and erosion, and faster exhumation (>3 mm/yr) by local thrusting in regions undergoing crustal thickening. In the central part of the core (Chelan block), >40 km of exhumation occurred between 91 and 45 Ma, about half of which occurred during early contraction (driven by thrusting) and half during top-to-north, arc-oblique shear during reactivation of a midcrustal Cretaceous thrust, the Dinkelman decollement. The footwall of this thrust consists of the Swakane Biotite Gneiss, a Cretaceous, metaclastic assemblage with recorded pressures of 10-12 kbar, no arc-related magmatism, and structures dominated by pervasive top-to-north shearing. The hanging wall consists of the Napeequa Complex, an oceanic assemblage with recorded pressures of 6-12 kbar, voluminous arc-related magmatism, and complex structures indicating early top-to-WSW shearing, younger top-to-north shearing, and widespread folding. In the Napeequa, top-to-north shearing started by 73 Ma during melt-present conditions at pressures !6 kbar. Top-to-north shearing in both hanging wall and footwall continued during exhumation ($1.6 mm/yr) and cooling to greenschist facies conditions during which slip became increasingly localized, eventually resulting in formation of pseudotachylite on discrete slip surfaces. We suggest that arc-oblique extension was driven by along-arc heterogeneity in displacements/ erosion, initially during transpression and underplating of continental sediments, and later during transtension.
Introduction
[2] Studies of the deep crust of exhumed arcs provide important information on arc dynamics, lower crust and upper mantle evolution, and the degree to which upper mantle processes are linked to upper crustal processes [e.g., Burchfiel et al., 1992; Wernicke and Getty, 1997; Ducea and Saleeby, 1996; Anderson, 1998] . The degree to which crustal and mantle processes are linked and influence exhumation in turn depends on styles of vertical partitioning in the crust [Oldow et al., 1990; Axen et al., 1998; Miller and Paterson, 2001b] and whether the lower crust is weak [Kirby, 1983; Kusznir and Park, 1986; Kohlstedt et al., 1995] or strong [Maggi et al., 2000] .
[3] Processes driving exhumation in collisional orogens and continental arcs may include external mechanisms such as (1) extension driven by subduction roll back or plate reorganizations [Hamilton, 1995; Klepeis et al., 1998 ], and (2) mantle flow driving uplift [Houseman and England, 1986; Tobisch et al., 1995; Ducea and Saleeby, 1996; Wernicke et al., 1996] ; or internal mechanisms such as (1) gravitational collapse in regions of high topography [Chen and Molnar, 1983; Coney and Harms, 1984; Dewey, 1988] ; (2) extrusion at midcrustal levels Hodges et al., , 1993 ; (3) tectonic thickening and erosion [Small and Anderson, 1995; Willett, 1999] ; and (4) magmatic/thermal processes in the crust [England and Houseman, 1989; Johnson, 1991; Willett and Beaumont, 1994] , including collapse owing to extensive partial melting at depth [Vanderhaeghe and Teyssier, 1997] or feedback between partial melting and crustal thinning [Teyssier and Whitney, 2002] . The relative importance of these processes in continental arcs is uncertain because few exposures of deep (>40 km) arc crust have been identified.
[4] The western margin of North America has been dominated by arc activity for >200 m.y., forming one of the most extensive and voluminous arcs on Earth. The >1500-km-long Coast Plutonic Complex represents the longest segment of this arc system and preserves the shallow to deep-crustal (0 -40+ km) structural, magmatic and metamorphic record of Cretaceous and Paleogene arc magmatism and continental-margin tectonics in the collisional zone between the two largest superterranes (Insular and Intermontane) in the Cordillera (Figure 1) . Because of the range of exposed crustal depths, the Cascades core, at the southern end of the Coast Plutonic Complex (Figure 2 ), is an outstanding site for evaluating the driving mechanisms of exhumation in continental margin arcs.
Cascades Exhumation: Overview
[5] Much of the Coast Plutonic Complex-Cascades orogen underwent shortening and crustal thickening during arc construction [e.g., Brandon et al., 1988; Rubin et al., 1990; McGroder, 1991; Rusmore and Woodsworth, 1991; Journeay and Friedman, 1993; Umhoefer and Miller, 1996; Paterson and Miller, 1998b] . Tectonic scenarios for the early Tertiary, however, and in particular for how deeper portions of the arc were exhumed, are less certain. Plate motion reconstructions [Engebretson et al., 1985; Kelley and Engebretson, 1994; Umhoefer and Miller, 1996] and field observations Hurlow, 1991] imply that during the interval from about 72 to 55 Ma, the Cascades core was a transpressional orogen. Subsequent ($55 -45 Ma) ductile deformation spatially coincides with the thermal culmination in the migmatitic Skagit Gneiss [Haugerud et al., 1991; Whitney, 1992] , but the extent and kinematics of this Eocene deformation are poorly constrained. This time also corresponds to formation of transtensional basins [Johnson, 1984] and dextral-normal slip on one of the faults that bounds the core [Miller and Bowring, 1990] .
[6] Hodges and Walker [1992] noted that to the east of this Cretaceous arc (i.e., Mesozoic batholiths in Figure 1 ), widespread east-west extension occurred during the Late Cretaceous and early Tertiary ($70-50 Ma), resulting in tens of kilometers of exhumation [e.g., Doughty and Price, 1999] , but that little information was available about what happened in the thickened arc to the west. They proposed a model of a detached, midcrustal, westward moving allochthon, and noted that this model should cause strongly decompressional P-T paths and uplift in the arc. Whitney et al. [1999] summarized P-T-t results in the arc (Cascades core and Coast Plutonic Complex) in support of significant Late Cretaceous crustal thickening and subsequent early Tertiary isothermal decompression, but did not fully explore the mechanisms by which the decompression occurred. Others working in the Coast Plutonic Complex have argued that exhumation was driven by (1) mafic underplating [Hollister, 1982] ; (2) tilting [Butler et al., 1989; Cook and Crawford, 1994] , (3) extension during oblique convergence and magma emplacement Klepeis and Crawford, 1999] , (4) transport in the hanging walls of thrust faults coupled with erosion [Cook and Crawford, 1994] , and (5) gravitational collapse of an overthickened arc, typically during a reduced rate of plate convergence [Klepeis et al., 1998 ].
[7] The best place to address questions about exhumation in the Cascades core is the eastern half of the crystalline core, or Chelan block (Figure 2 ), which contains evidence for significant latest Cretaceous -early Tertiary ($75-45 Ma) plutonism, metamorphism and deformation [Haugerud et al., 1991] . The Chelan block is bounded by the Late Cretaceous-Eocene Ross Lake and Tertiary Entiat fault zones (Figure 2 ). The focus of this paper is the tectonic-thermal evolution of two of the major terranes in this block: the oceanic Napeequa Complex and the structurally underlying continental Swakane Biotite Gneiss.
[8] Our new data indicate that in the Chelan block, >40 km of exhumation occurred between 91 and 43 Ma and that this exhumation affected a large portion of the Cascades core. The region of greatest exhumation extends into the southern Chelan block, where the Napeequa Complex structurally overlies the Swakane Biotite Gneiss (Figure 2 ). The contact between these units is a thrust [Tabor et al., 1987; Hurlow, 1992] of uncertain age, hereinafter called the Dinkelman decollement, which was reactivated during subhorizontal, top-to-north, $73-45 Ma extension. Below we briefly summarize the lithologic, structural, metamorphic, and geochronologic characteristics of the upper (Napeequa Complex; and lower (Swakane Biotite Gneiss; plates of this decollement, as well as regional patterns in the Cascades core that reflect this exhumation and late extension. We finish by discussing the implications of our data for exhumation/extension in the Coast Plutonic Complex and potentially in other continental margin arcs as well.
Napeequa Complex (Upper Plate)

Overview of the Napeequa Complex
[9] The Napeequa and Swakane units crop out on both sides of the Entiat fault ( Figure 2 ). In this section, we initially focus on the region to the ENE of this fault (Chelan block), where we have completed our most detailed structural and metamorphic work. In the southern part of the Chelan block, we have completed regional studies (1:24,000 scale) of the Swakane and Napeequa units and Entiat pluton, and detailed studies (1:10,000 scale or larger) in the Roaring Creek area and in regions near the Columbia River (Figure 2 ).
[10] In the study area, the upper plate of this decollement is relatively thin (0.5 to 2 km) and consists entirely of the Napeequa Schist unit of Tabor et al. [1987] and numerous intrusive bodies (which together we call the Napeequa Complex) exposed in the northeast dipping limb of a regional, open, gently plunging antiform (Figures 3 and 4) . The Entiat pluton intruded the eastern edge of the study area and units in the Napeequa Complex locally steepen in its structural aureole. Thus in much of the study area, transects across the Napeequa Complex-from the Entiat pluton in the NE toward the Dinkelman decollement in the SWcontinuously expose deeper structural levels ( Figure 4) .
[11] From structurally highest to lowest levels, the Napeequa Complex consists of (1) a relatively thin unit ($50 -150 m) of interlayered marble, siliceous schist (metachert), phyllite, hornblende-and biotite-rich gneiss (metagraywacke?), and rare amphibolite (metabasalt); (2) a thick unit dominated by thinly layered hornblende-and biotiterich gneiss and siliceous schist with local layers of calcsilicate rocks, marble, and alpine-type metaperidotite slivers; (3) an increasing percentage of siliceous schist and hornblende + biotite gneiss at lower levels of the above unit; and (4) a thin unit characterized by thicker (2 to 75 m) and more continuous layers of garnet amphibolite with local thin lenses of metaperidotite and hornblende + biotite gneiss (Figures 4 and 5) . Thus metasedimentary units dominate at structurally higher levels, whereas garnet amphibolite and gneiss are more common at structurally lower levels. All contacts between lithologic packages are now deformed. We interpret this Complex to represent an oceanic assemblage tectonically interleaved in an accretionary wedge setting.
Intrusive Bodies in the Napeequa Complex
[12] A series of elongate plutonic sheets intruded the Napeequa Complex, the largest of which is the Entiat pluton. Al-in-hornblende barometry indicates that this pluton was emplaced at pressures of 6 to 7 kbar [Dawes, 1993] . Internally, the Entiat pluton consists of intrusive sheets, the contacts of which are crosscut by magmatic foliation and lineation, with both sheets and fabrics locally defining magmatic folds [Paterson and Miller, 1998a; Miller and Paterson, 2001a] . Tabor et al. [1987] reported U-Pb dates on zircon from two samples of the Entiat pluton (two fractions each) and suggested a range of possible crystallization ages from about 75 to 85 Ma. In Appendix A, we present data for six new age determinations [Hurlow, 1992] . One age is from a nonmylonitic, biotite-hornblende tonalite in the Entiat pluton about 3 km northeast of the SW margin ( Figure 2 and [13] SW of the Entiat pluton, three tonalitic to granodioritic, internally sheeted orthogneiss bodies up to 700 m in thickness and at least several kilometers in length, intruded the Napeequa Complex (Figures 3 -5) . The uppermost orthogneiss is the largest and most homogeneous body, although some internal contacts are present. The two structurally lower orthogneiss bodies display strong internal layering, up to meters thick, defined by mafic, felsic, and pegmatitic intrusive sheets, centimeter-thick layers within sheets defined by modal and size differences in crystals, and numerous zones of boudinaged host rock rafts. Compositions of internal layers range from diorite to two-mica garnet granodiorite and granite. Additional sheet-like orthogneiss bodies, too small to show on Figure 3 , occur between these large sheets. Locally, these orthogneisses make up $50% of the Napeequa Complex.
[14] Hurlow [1992] determined ages from four different intrusive sheets within the Napeequa Complex (Appendix A):
(1) an age of 70.7 ± 1 Ma from a coarse-grained, penetratively deformed biotite tonalite transposed parallel to the main foliation; (2) an age of 68.6 ± 1 Ma from a deformed 30 cm thick leucocratic biotite granodiorite layer which possesses textures suggestive of dynamic recrystallization of quartz under greenschist facies conditions; (3) an age of 67.5 ± 1.2 Ma from a pegmatitic garnet-muscovite granite that cuts the foliation and lineation and is weakly deformed; and (4) an age of 66.7 ± 2.4 Ma from a 30-50 cm thick sheet of fine-grained, strongly mylonitized biotite tonalite. Additional geochronologic work on sheets within the Napeequa Complex is underway, and preliminary results suggest that some sheets although Cretaceous are older than those dated by Hurlow (e.g., reinterpretation of 84 Ma Hurlow age in Appendix A and J. Matzel, personal communication) .
[15] Numerous undated leucosomes of granitic to trondhjemitic compositions, at least some of which preserve igneous microstructures, attest to additional small-scale magmatic injections and/or local partial melting in both amphibolite and metasedimentary rocks ( Figure 5 ). Local granitic leucosomes in metapelitic units, which contrast sharply with nearby tonalite sheets, suggest in situ partial melting. Examples of these melts accumulating in fold hinges, local shear zones, and in boudin necks suggest an intimate interplay between deformation and melt accumulation [e.g., Collins and Sawyer, 1996] . The magmatic history of the Napeequa Complex has therefore involved injection of arc magmas, such as the Entiat pluton and large orthogneiss sheets, and possibly several phases of essentially in situ partial melting during active deformation.
Structural Geology of the Napeequa Complex
[16] All of the above units display boudinaged and sheared layering, intense subsolidus foliation and mineral lineation (Figure 5) , and at least two (in intrusive sheets) to three (in host rock units) generations of folds. The oldest recognized Napeequa structures are tight to isoclinal, commonly rootless folds that fold a foliation and have a well developed transposition foliation, S T , parallel to their axial planes (for foliation nomenclature see Tobisch and Paterson [1988] ). These early fold axes have a statistical maxima of 8/337 (plunge/trend) in the northern domain, of 40/013 in the Roaring Creek domain, and two maxima at 13/351 and 11/074 in the Columbia River domain (Figure 2 shows domains). The intensity of early folding increases in several zones tens of meters to 100 m wide, typically in thinly layered units next to more massive units, and we interpret these to be localized shear zones parallel to the main foliation. The above structures are folded by open to tight, upright to moderately plunging folds, such as the regional-scale antiform (Figure 2 ). These folds typically lack an axial planar foliation and have hinges with a statistical maxima at 10/030 in the northern domain and 25/352 in the Roaring Creek domain.
[17] The main foliation, S T , is defined in most rock types by hornblende, plagioclase, biotite, and quartz, and is continuous through the orthogneisses. It typically strikes northwest and dips northeast about 35-45°near the decollement to 45 -65°near the Entiat pluton with statistical maxima of 317/37 (strike/dip) in the northern domain, 309/42 in the Roaring Creek domain, and 302/45 in the Columbia River domain (Figures 3a and 4b) . A high temperature mineral lineation, L m1 , in this foliation has variable orientations in host rocks with statistical maxima of 15/345 in the northern domain, 40/012 in the Roaring Creek domain, and 39/055 in the Columbia River domain. Foliation and mineral lineation in the orthogneisses ranges from locally magmatic to, more typically, a pervasive, high-temperature, subsolidus fabric. Mineral lineations in orthogneisses are more scattered than in the host rocks and vary from NW trending, gently plunging orientations to NE trending, moderately plunging orientations (Figures 3b and 4c ).
[18] Kinematic indicators associated with the high temperature fabrics are somewhat variable and not as well developed as in the lower plate (Figures 3c and 4d ). Many sections both parallel and perpendicular to the mineral lineation show symmetrical fabrics. A few top-to-west or top-to-SW indicators are preserved in local domains, particularly as the Dinkelman decollement is approached. More widespread is an extensional crenulation cleavage, (S ecc ) formed by reactivation of S T , that gives top-to-north (near decollement) and top-to-NE (NE of the decollement) shear sense in lineation-parallel sections. In lineation-perpendicular sections, we observed symmetrical fabrics, or locally kinematic indicators that typically change across fold axial surfaces and thus are related to folding. We interpret all of these kinematics to imply early west to SW thrusting, younger top-to-north or NE shear, and local complications due to flexural flow folding.
[19] Four sets of lower temperature structures occur in the Napeequa Complex. Particularly visible in plutonic rocks are widespread chlorite ± clinozoisite-bearing, steeply dipping, narrow ductile shear zones that record both sinistral and dextral motion and probably form a conjugate set . Subhorizontal chlorite-bearing shear zones are also locally present. We have only located a few of these subhorizontal shear zones in the upper plate (see lower plate for further description) but where observed they consistently record top-to-NW or NE shear parallel to chlorite-quartz mineral lineations with statistical maxima of 15/334 in the Roaring Creek domain and 40/071 in the Columbia River domain. Locally, a brittle set of conjugate normal faults cuts the above structures and records late N-S extension. Finally, scattered brittle faults with small displacements occur but are poorly studied and of unknown age.
[20] Microstructures and metamorphism in the hanging wall indicate that ductile fabrics in most units record intensive dynamic recrystallization and annealing at high temperatures ( Figure 5 ). All minerals, except garnet but including hornblende, plagioclase, and K-feldspar, are dynamically recrystallized (Figure 5e ). Garnets typically show a set of fractures perpendicular to high temperature mineral lineation and foliation in the matrix (Figure 5f ).
[21] Inclusion trails, S i in garnet, plagioclase, and micas, are primarily defined by fine-grained graphite ± quartz and apatite as well as by plagioclase and titanite in hornblende (Figure 5g ). S i show a range of patterns from straight trails discordant to the matrix foliation, S T , to sigmoidal and continuous with S T , to in some cases straight and parallel to S T (Figure 5g ). Most suggest growth of minerals pre-to syn S T , that is, before or during formation of the early tight to isoclinal folds and transposition of older fabrics parallel to the axial plane of these folds. This is consistent with the observation that S T is deflected around porphyroblasts and that porphyroblasts are overprinted by S ecc where both occur in the same rock.
Pressure-Temperature Conditions of Napeequa Metamorphism
[22] Thermobarometric results for 8 Napeequa garnet amphibolites from the vicinity of the decollement, as well as from 3 samples located more than 1 km from the fault, provide P-T estimates of 10-11 kbar, $640 -740°C for samples near the fault [Valley et al., 2003] . Thermobarometry is complicated in some of these rocks by plagioclase ± neoblastic hornblende coronas around garnet [Valley et al., 2003] , indicating that garnet rims have been resorbed. Garnets are essentially unzoned, however, and P-T results for coronitic garnet are similar to those for assemblages with garnet lacking corona structures. Samples farther from the fault also yield high pressures ($10 kbar), although one garnet-sillimanite schist near the Entiat pluton recorded a pressure of 7 kbar. Reaction textures (e.g., plagioclase rims on garnet; replacement of rutile-bearing assemblage by an ilmenite-bearing assemblage) are consistent with decompression at elevated temperature [Valley et al., 2003]. 4. Swakane Biotite Gneiss (Lower Plate) 4.1. Overview of the Swakane Biotite Gneiss
[23] The lower plate of the decollement is an at least 1.1 km thick structural section (the base is not exposed), consisting entirely of the Swakane Biotite Gneiss (Figures 6 and 7) . Approximately 90% of this unit is relatively homogeneous, consisting of quartz-plagioclase-biotite-muscovite ± garnet gneiss. Minor hornblende-plagioclase-garnet gneiss of uncertain protolith, metasedimentary layers (garnet-kyanite schist, calc-silicate gneiss, marble, quartzite), and metaigneous layers (amphibolite, hornblende gneiss and ultramafic rock) make up the remaining 10% [Tabor et al., 1987 [Tabor et al., , 1989 Sawyko, 1994; Alsleben, 2000] . The Swakane Biotite Gneiss contrasts sharply with most of the Cascades core in that it has a Precambrian isotopic (U-Pb, Rb-Sr) signature, which indicates either its stratigraphic or source terrane age [e.g., Mattinson, 1972; Rasbury and Walker, 1992; Matzel et al., 2002] . This is intriguing because the gneiss now lies >100 km west of the Sr 0.706 line (Figure 1) . Matzel et al. [2002] used U/Pb zircon studies to conclude that the Swakane Biotite Gneiss is a metasedimentary section that formed at $73 Ma and consists of sediment derived from both Precambrian and Phanerozoic source regions.
[24] Remarkably, no Cretaceous arc-related magmatic bodies occur in the Swakane Biotite Gneiss, even though this unit reached depths of burial of $40 km, presently resides in the middle of a Cretaceous arc, and is structurally below a unit riddled by arc-related magmatic bodies. Instead, the only intrusive bodies are pegmatitic, peraluminous, variably oriented dikes, sills ( Figure 8a ) and a few 100-m scale stocks restricted to the structurally lower parts of this unit [Waters, 1932; Boysun and Paterson, 2001] . These muscovite ± garnet ± tourmaline-bearing bodies are variably deformed, showing asymmetric boudinage and pinch-and-swell structures (Figures 8a and 8b) . Mattinson [1972] obtained a U/Pb age of 68.8 Ma based on a single zircon fraction from a pegmatite sill. The restriction of these dikes and stocks to the lowest exposed structural level of the Swakane, their composition, geochemistry, and small sizes, and thus inferred high viscosity, indicates that these intrusions were locally derived by partial melting of the Swakane Biotite Gneiss [Boysun and 
Structural Geology of the Swakane Biotite Gneiss
[25] The footwall displays discontinuous compositional layering and at least two cycles of folding [Paterson and Miller, 1995; Alsleben, 2000] . Domains of locally abundant, outcrop-scale, recumbent to gently inclined tight to isoclinal folds are recognized where compositional layering, abundant pegmatite sheets, or quartz veins are present to produce a sufficient competence contrast for folding ( Figure 8b ). Folds are thickened in rounded hinges, typically symmetric, fold a foliation, and have a well-developed foliation, S T , parallel to their axial planes. These folds have two statistical maxima at 5/030 and 6/143 in the Roaring Creek area and in the Columbia River domain have an overall maximum of 4/009 (local maxima vary across the large antiform as follows: NE limb = 24/358, hinge = 10/201, SW limb = 15/192). These folds and associated structures are refolded by the regional, upright antiform (Figures 6a and 7) and by local, upright, parasitic folds. An incipient axial-planar cleavage is developed in a few hinges. Hinge lines of these folds have a statistical maximum of 9/012 in the Roaring Creek area and are scattered in the Columbia River area.
[26] The axial planar foliation, S T , is generally northwest-southeast striking, gently to moderately dipping (Figure 6b) , and defined by the pervasive alignment of plagioclase, biotite, and quartz ± hornblende and kyanite (Figures 8e, 8f, and 8h) . In the Columbia River area, S T has an average orientation of 160/16 on the southwest limb of the regional antiform and of 297/25 on the northeast limb. The dip of S T increases (average = 292/51) near the Dinkelman decollement, where S T is continuous across the decollement into the Napeequa Complex. Garnet and less common porpyroblasts of kyanite have S i 's that define either straight patterns truncated by S T , sigmoidal patterns continuous with S T , or local crenulations similar in geometry and orientation to early recumbent to gently inclined folds. These patterns suggest growth of the porphyroblasts before and during transposition of an older foliation into parallelism with S T .
[27] A well-developed extensional crenulation cleavage, S ecc , is on average 23°from and deflects S T , resulting in asymmetric mesoscale and microscale shear bands best developed in lineation-parallel surfaces ( Figure 8e ). These shear bands are typically defined by biotite, muscovite, and finely recrystallized quartz, and postdate the early folding, growth of garnet and kyanite porphyroblasts, and emplacement of pegmatite dikes. They are pre-to locally syn-upright folding and are cut by the Eocene dikes.
[28] We recognize two mineral lineations in the Swakane Biotite Gneiss. The most pervasive is a medium-to hightemperature lineation (L m1 ) defined by stretched quartz grains, aligned biotite, and locally by aligned hornblende. L m1 is stronger in the hinge of the regional antiform, but still well defined in the limbs. Gentle to moderate plunges typify the north-south to NNE-SSW trending L m1 (Figure 6c ; statistical maxima = 3/176 in Columbia River domain and 23/005 in Roaring Creek domain). Pitches of L m1 steepen from low to moderate to, in places, almost downdip as the Dinkelman decollement is approached. Statistical maxima of L m1 near the decollement are 46/062 in Columbia River domain and 35/018 in Roaring Creek domain.
[29] In S ecc surfaces, quartz, biotite, chlorite, and/or muscovite define a second lineation (L m2 ) with trends typically 10°to 30°counterclockwise to L m1 (statistical maxima of L m2 = 2/347 in Columbia River domain and 3/336 in Roaring Creek domain). The streaky, striae-like appearance, less pervasive development, and the common presence of chlorite indicates that this second lineation formed at lower temperatures than L m1 . Orientations of L m2 also change to more NE trends and steeper plunges near the decollement (e.g., statistical maxima = 42/051 in Columbia River domain). Kinematic indicators, which are associated with L m1 and L m2 , are widespread at the outcrop (Figures 6c and 8c ) and thin section scale (Figure 8e ) throughout the Swakane terrane. Shear bands (S ecc ), mica fish, asymmetric strain shadows, offset markers in shear zones, and asymmetric boudinage and pinch-and-swell structures in pegmatite sheets and quartz veins record top-to-north to top-to-NE, noncoaxial shear. The asymmetry of local, gently inclined, WNW-ESE trending folds is also compatible with top-to-NNE shear.
[30] Numerous examples of discrete millimeter-to centimeter-thick subhorizontal shear zones parallel to the high temperature foliation are present in the lower plate. Mineral lineation in these shear zones, comparable to and probably equivalent to L m2 , are also consistently 10°-30°counter-clockwise to nearby high temperature lineations (e.g., statistical maxima of 1/334 in Roaring Creek area) and are always associated with top-to-north shear. At five localities we have found pseudotachylite on slip surfaces in these shear zones displaying slickensides parallel to the chlorite grade mineral lineation. Pegmatite dikes are offset across these shear zones from a few centimeters to up to 2 m. It is unclear if the Eocene dikes were offset by these lower temperature shear surfaces.
[31] Moderately to steeply dipping brittle faults are abundant throughout the Swakane terrane and cut all of the above structures, including the Eocene dikes. Offset pegmatite dikes oriented at high angles to the faults, and subvertical and subhorizontal slickenside striae, indicate normal and strike-slip displacement directions, respectively. The magnitudes of marker offsets are similar to those of the ductile shear zones and probably do not exceed tens of meters.
Pressure-Temperature Conditions of Swakane Metamorphism
[32] Although the Swakane Biotite Gneiss is dominated by biotite-plagioclase gneiss that is compositionally unsuitable for thermobarometric determinations, widespread garnet-bearing layers allow temperature calculations, and rare garnet + kyanite + ilmenite + rutile gneiss and garnet + hornblende ± ilmenite ± rutile amphibolite allow P and T calculations. Sawyko [1994] reported P-T results for three samples of Swakane Biotite Gneiss in the Chelan block. He calculated pressures of $8 kbar using garnet core compositions and 10-12 kbar using garnet rims. Garnet-biotite temperatures range from 580-625°C [Sawyko, 1994] .
[33] New thermobarometric data [Valley et al., 2003 ] from 18 samples of Swakane Biotite Gneiss, nine of which are located near the Dinkelman decollement, yield pressures of 10-12 kbar using garnet compositions just inside a thin retrograde rim, consistent with Sawyko [1994] . Garnetbiotite and garnet-hornblende temperatures for these samples are 640-750°C.
[34] Valley et al. [2003] interpreted reaction textures involving ilmenite, rutile, and garnet to record the processes and conditions of burial and decompression. Inclusions of ilmenite that have been partially replaced by rutile occur in garnet cores. Complete rutile pseudomorphs after ilmenite (inferred from shape of grains) occur in garnet near-rim regions and in the matrix. The replacement of ilmenite by rutile implies burial (kyanite + ilmenite + quartz = garnet + rutile or plagioclase + ilmenite + quartz = garnet + rutile). Garnet and rutile are on the high-P side of these equilibria, indicating that garnet grew during increasing pressure. These equilibria are barometers (GRAIL, GRIPS) and were applied along with garnet-kyanite-plagioclase-quartz (GASP) to the Swakane rocks to yield the 10 -12 kbar results.
[35] Interestingly, matrix rutile pseudomorphs after ilmenite contain thin rims and veinlets of ilmenite. Textures strongly suggest that this is new ilmenite, not incompletely reacted original ilmenite. This is evidence for partial backreaction of the above equilibria during decompression similar to that described above for Napeequa rocks. Additional evidence for decompression at high T includes Ca depletion haloes around plagioclase inclusions in garnet and plagioclase coronas around garnet in amphibolite [Valley et al., 2003] .
Dinkelman Decollement
[36] The upper and lower plates are separated by the Dinkelman decollement. This decollement truncates all upper plate lithologic units as it cuts up-section along strike in a SE direction (Figure 3) . Locally, orthogneiss units also end abruptly along the decollement. Throughout much of its length, the contact is sharp. Interleaving of relatively thin (tens of meters thick) sheets of upper and lower plate units occur locally along the decollement.
[37] Intense high temperature foliation (maxima = 319/38), S T , and mineral lineation (maxima = 35/018), L m1 , and locally S ecc , occur in both upper and lower plates next to the decollement. Map patterns indicate that these structures are not parallel to the decollement but cut across the decollement at angles of up to $20° (Figures 3 and 4) . Near the decollement, the trend of L m1 swings from more northerly in the lower plate to more northeasterly near the decollement and in the upper plate. Furthermore, high temperature kinematic indicators are more mixed near the decollement, with some early top-to-west or southwest indicators preserved in the upper plate, but largely overprinted by S ecc with top-to-north indicators in both plates. The decollement surface, along with S T , L m1 , and S ecc , is folded by the late regional upright, gently plunging antiform (Figures 3 and 7) .
[38] In both upper and lower plates, metamorphic mineral assemblages and microstructures do not change as the decollement is approached, with one prominent exception. In the lower plate, in a discontinuous zone 200 m in width, the grain size, particularly of garnets (up to 3 cm diameter), increases dramatically, and large kyanite crystals Figure 9 . Cartoon summarizing main features of structural/metamorphic history of study area. From lowest to highest structural levels cartoon shows Swakane with locally derived melts, Swakane with no intrusions, the Dinkelman decollement (dark surface) which truncates host rock and orthogneiss units (Napeequa Complex) in the upper plate. Upper plate units generally show more folding than in lower plate and are translated to the north relative to the lower plate during top-to-north shear. Peak pressures and inferred ages shown for intrusive units. Table shows averaged cooling ages for upper and lower plates and the decreasing differences between plates for systems with lower temperature closures.
(up to 3 cm long) are present. Away from the decollement, rare kyanite is only observed as inclusions in garnet, and garnet is typically 1 -2 mm in diameter. Although mineral coarsening is not as pervasive in the Napeequa Complex near the decollement as it is in the lower plate (Swakane Biotite Gneiss), large garnets (up to 4 cm) are present in some amphibolites near the decollement (within 100 m), compared to millimeter-scale garnets away from the decollement.
[39] S i patterns in Swakane garnet near the decollement are complex, and range from relatively straight to ''snowball'' patterns, but all are consistent with growth before or during transposition of older fabrics parallel to S T . S T also is deflected around these porphyroblasts and S ecc overprints both the porphyroblasts and S T . Kyanite does not have S i patterns, but does contain coarse flakes of graphite (not observed in the matrix) and is commonly rimmed by white mica that has partially replaced the kyanite.
[40] The timing of porphyroblast growth relative to deformation indicates that the cause of grain coarsening must have occurred during early thrusting or during the transition to top-to-north shearing. Coarsening near the decollement may not be a temperature effect, as we see no major difference in temperatures across the terrane or across the Dinkelman decollement into the Napeequa Complex. Coarsening more likely reflects the presence of fluid in association with deformation along the thrust, given the proximity of the coarse rocks to the thrust and the lack of large garnets in rocks of similar bulk composition away from the shear zone. Fluids may have been derived from metamorphic sources (dehydration of mica and/or amphibole-bearing rocks) and/or magma bodies in the Napeequa Complex.
[41] Narrow, greenschist facies shear zones occur in both upper and lower plate within 100 m of the decollement. These shear zones are identical in terms of gently dipping orientations and top-to-NW to NE kinematics to those seen throughout the lower plate and locally within the upper plate. They did not reactivate the decollement surface but instead formed new slip surfaces parallel to the regional, high-temperature foliation.
6. Discussion
Structural and Metamorphic Synthesis
[42] The earliest structures preserved in the Napeequa Complex, including the oldest folded foliation, S i trails in high pressure porphyroblasts, early tight to isoclinal folds, and S T , were probably formed during $W-SW vergent thrusting and folding ( Figure 9 ). This interpretation is supported by the following observations: (1) After unfolding of younger folds, the earliest folds have hinge lines with a strong N-S to SSW maxima, locally a second WNW maxima, and in cases of asymmetrical folds, a predominance of westerly fold vergence; (2) S T , axial planar to these early folds, formed during and after growth of garnets that record 10-12 kbar pressures [Valley et al., 2003] ; (3) a few kinematic indicators, preserved in the upper plate near the Dinkelman decollement, have top-towest or SW shear sense; and (4) detailed structural studies elsewhere in the Cascades core indicate that similar structures formed during SW vergent folding and thrusting [e.g., Van Diver, 1967; Tabor et al., 1989; Paterson et al., 1994] .
[43] The oldest structures in the lower plate (earliest folds, S i and S T ) must be younger than 73 Ma which is the age at which this unit formed [Matzel et al., 2002] . Host rocks in both plates have maximum recorded pressures of 10-12 kbar and temperatures of $640-750°C, evidence in reaction textures and thermobarometric results for a pressure increase followed by high-temperature decompression, and evidence of local partial melting at high pressures. In the upper plate, melting occurred prior to and during emplacement at $6 -7 kbar depths of 71-67 Ma sheet-like plutons. In the lower plate, high-grade metamorphism and local melting must have occurred at around 68 Ma (age of dikes derived from local melting). Porphyroblast-matrix relationships indicate that the high pressures reflect conditions during formation of the early folds and S T . However, it is more difficult to pin down the exact timing of hightemperature decompression in both plates based on these observations alone.
[44] Domainally in the upper plate and pervasively in the lower plate, the above structures were overprinted by top-tonorth or NNE shear (Figure 9 ). In the upper plate of our study area, the transition to high temperature, top-to-north shear started around 73 to 68 Ma based on the following observations. A few narrow, weak, hyper-to subsolidus, top-to-north shear zones occur in the 73 Ma Entiat pluton. Melt-present, top-to-north shear is also recorded in Napeequa sheets from which Hurlow [1992] obtained U-Pb ages of 71 to 67 Ma. We previously noted that the amphibolite grade lineation and foliation associated with this top-tonorth shear continues across the Dinkelman decollement, thus suggesting that top-to-north shear was also active by 68 Ma in the lower plate. This is consistent with the observation that 68 Ma pegmatite sills in the lower plate cut S T but are involved in the top-to-north shear. This shearing resulted in a wide (>2 km) ductile shear zone extending throughout the preserved portions of both plates (Figure 9 ) in which S T was reactivated to form S ecc and the N-S trending L m1 . We suspect that this shear rotated earlier structures toward this mineral lineation and formed new tight to isoclinal folds of S T that are now difficult to distinguish from the older folds.
[45] Structures associated with the top-to-north shear in both plates record decreasing temperatures through time (Figures 9 and 10) , changing from pervasive high temperature fabrics to biotite-then chlorite-grade fabrics in narrow shear zones, and finally to discrete slip associated with the local formation of pseudotachylite. The orientations of the lower temperature mineral lineations indicate that, as temperatures cooled during decompression the displacement direction changed by up to 30°counterclockwise. This counterclockwise rotation during cooling does not, however, explain the clockwise change in map pattern of the older, high temperature L m1 orientations from more northerly in the Swakane (i.e., lower crustal levels) to more northeasterly in the Napeequa (i.e., at higher crustal levels). We suggest the pattern of the higher temperature lineation is a function of decreasing distance to the Entiat pluton. We speculate that the presence of this large NW trending pluton, combined with downward flow in its aureole during emplacement [Paterson et al., 1996; Miller and Paterson, 2001a] reoriented top-to-north shear into a more mechanically favorable margin parallel shear. This suggestion is supported by the observation that where the northwest trend of the SW margin of the Entiat pluton changes to a more northerly trend (Figure 2 ), host rock did not need to flow over or under the pluton and here the mineral lineation in the aureole maintains its regional orientation [Hurlow, 1991; Miller and Paterson, 2001a] .
[46] Limited hornblende, biotite, and fission track (zircon and apatite) ages are available from the upper and lower plates (Figures 6a, 9 , and 10) [Engels et al., 1976; Tabor et al., 1987; J. A. Vance unpublished data] (new data in Appendix A), the details of which are summarized in Appendix A. On the basis of these data, the upper and lower plates have average hornblende, biotite, and fission track ages that differ by $16 m.y., 13 m.y., and 12 m.y., respectively . These data also suggest that the high temperature ductile deformation was over by $57 Ma in the hanging wall and $45 Ma in the footwall. Eocene dikes in both plates cut both the moderate-and low-temperature, top-to-north fabrics, but in turn are cut by brittle slip surfaces with minor displacements. It is unknown if these brittle slip surfaces, and thus the dikes, experienced any top-to-north displacement. Both plates were at the surface and providing sediment to the nearby Chumstick basin by 45 Ma [Johnson, 1984; Evans, 1994] .
[47] Figure 10 is an initial attempt to summarize possible exhumation histories for the upper and lower plates using available metamorphic and geochronological data. This diagram was constructed in the following manner. We used the average hornblende, biotite, and fission track cooling ages for both plates, and, using a geothermal gradient of 30°C/km, plotted depths at appropriate closure temperatures. We chose this geotherm since it is higher than geotherms in average continental crust (since the study area is in an arc), but well below that of gradients near individual plutons, as widespread plutonism was waning in the study area after 67 Ma. The latter inference is supported by the presence of regional isothermal patterns not centered on plutons (Figure 11c ). Other geotherms would alter the absolute but only slightly modify the relative positions of these points in the upper and lower plates. For each plate, the average cooling ages were used to extrapolate a straight line back to depths required by the 10-12 kbar pressures obtained for both the upper and lower plates [Valley et al., 2003] . If Figure 10 is correct, this suggests that the upper plate was at 10 -12 kbar at $91 Ma whereas the lower plate must have reached and stayed above these pressures until $68 Ma. These ages for the high pressure metamorphism are supported by the 91 Ma, $9 kbar Tenpeak pluton and the 96 Ma $10 kbar Sulphur Moutain pluton which intruded the Napeequa Complex in the Tenpeak domain WNW of the Entiat fault [Brown and Walker, 1991; Dawes, 1993] and the 68 Ma age obtained from the locally derived, pegmatite dike in the Swakane Biotite Gneiss (Figure 2 ) [Mattinson, 1972] .
[48] We do not want to imply that exhumation curves for the upper and lower plates must, in detail, be straight lines. We have already noted evidence for high-temperature decompression in both plates, during which we expect that exhumation rates increased. For example, north of our study area, Wernicke and Getty [1997] determined exhumation curves with variable slopes that indicated that rates fluctuated between $1.6 to <0.5 mm/yr. However, we suggest that curves with variable slopes must pass through the data points on Figure 10 and thus that this figure represents our best constraints at the present time. These curves imply an average, long-term exhumation rate of 1.6 mm/yr, slightly less than the 2.0 mm/yr exhumation rates estimated by Hollister [1982] in the Coast Plutonic Complex but significantly faster than the Cretaceous exhumation rates along the margins of the Cascade core.
[49] If we accept this plot as a working hypothesis, then several important implications arise : (1) exhumation of the upper plate began well before extension started; (2) extrapolation of the lower plate curve suggests that the Swakane Biotite Gneiss may have been even deeper after 73 but before 68 Ma; (3) the decreasing vertical distance between upper and lower plate curves suggests that greater than 4 km of excision occurred along or near the Dinkelman decollement during exhumation at an average rate of 0.2 mm/yr; and (4) the partial melting of the Figure 10 . Possible exhumation paths for upper and lower plate based on a compilation of peak pressures and likely ages for the pressures, and hornblende, biotite, and zircon and apatite fission track cooling ages with calculated depths based on a 30°C/km geothermal gradient. Actual exhumation path may be more complicated but presumably must pass near points on this plot. Note decreasing distance between upper and lower plate lines with decreasing depths.
Swakane occurred after burial and significant crustal thickening, and melt was still present during initial exhumation.
Timing and Rates of Contraction, Burial, and Exhumation in Cascades Core
[50] Does this scenario of early regional contraction and subsequent crustal thickening followed by extension and dramatic exhumation in the center of the Cascades core explain other regional relationships? We speculate that several regional patterns are explained by this scenario.
(1) Regions near the edges of the crystalline core preserve a record of Late Cretaceous cooling and exhumation typically with $E-W biotite paleoisochrons and grade into regions in the center of the core dominated by Late Cretaceous loading and Tertiary exhumation (Table 1 and Figure 11) ; (2) The age of the youngest pervasive ductile deformation decreases into regions recording the highest pressures; these regions occur in a belt centered on our proposed zone of Tertiary extension and exhumation; (3) Biotite cooling ages also young into the region of higher pressures and define $NW-SE paleoisochrons parallel to our domain of top-tonorth shear; (4) Metamorphic/plutonic histories (Table 1) , which record evidence of early burial and subsequent exhumation, are consistent with the above scenario. We discuss these regional data sets below.
[51] Widespread 90 to 96 Ma plutonism occurred throughout the Cascades core ( Figure 2 and Table 1 ) and postdated initial juxtaposition of many units along thrust boundaries (Figure 11a ) [Tabor et al., 1987] . However, contractional Figure 11b ) [Brown and Walker, 1993; Miller et al., 1993a; Paterson and Miller, 1998b] . Furthermore, no intrusive unit is known to crosscut the contact between the Napeequa and Swakane Complexes. Just to the northeast of the Tenpeak pluton (Figure 2) , an 84 ± 1 Ma, 2-km thick, granodiorite sill called the Buck Creek pluton had been interpreted to cut the contact between the Swakane and Napeequa units [Hurlow, 1992] (Appendix A). However, we have reexamined this body and recognize both magmatic and subsolidus foliations in the sill. Furthermore our examination has concluded that the Buck Creek pluton lies entirely in the Napeequa Complex and is truncated along the Swakane-Napeequa boundary, consistent with the proposed younger, 73 Ma age for the Swakane Biotite Gneiss. The nearby, probably correlative High Pass pluton [Cater and Crowder, 1967] is also folded and deformed (R. B. Miller, unpublished mapping) indicating that significant contractional deformation occurred after 84 Ma in this area (Figure 11b ). In our study area NE of the Entiat fault, NE-SW contraction continued until at least $73 Ma, as indicated by SW vergent magmatic folds in the 73 Ma Entiat pluton continuous with similar folds in nearby host rocks [Paterson and Miller, 1998a; Miller and Paterson, 2001b] . We have calculated a long-term, average rate of NE-SW contraction of $2.0 mm/yr .
[52] Our comparison of plutonic and metamorphic histories throughout the Cascades core (Table 1 ; Figures 11b  and 11c ) also supports the conclusion reached by others that significant crustal thickening and loading of plutons occurred in much of the core between 90 Ma and 75 Ma [Miller et al., 1993a; Wernicke and Getty, 1997; Whitney et al., 1999] . Thickening and burial were not centered on individual plutons [cf. Brown and Walker, 1993] , but involved much of the crystalline core (Table 1 and Figure 11 ), and the region of greatest thickening is approximately centered on the region of youngest cooling ages and greatest exhumation [Wernicke and Getty, 1997; Whitney et al., 1999; this study] . A comparison of pluton emplacement depths and maximum preserved host rock pressures (Table 1) [Whitney et al., 1999; Valley et al., 2003] indicates that the magnitude of thickening was at least 7 to 20 km with a long-term, average rate of burial between 1.3 to 2.6 mm/yr . Loading was immediately followed by exhumation and decompression [Valley et al., 2003 ] at rates of up to 2.8 mm/yr .
[53] Although gradients in burial depths in the Cascades core remain imperfectly understood, clear transitions to regions with little to no burial occur along the SW, WNW, SE, and NE margins of core. These regions preserve a Late Cretaceous history of exhumation, that is, exhumation at the same time that the center of the core was being buried. On the SW margin (Figures 2 and 11 ), Brown and Walker [1993] , Duggan and Brown [1994] , and Paterson et al. [1994] discussed a variety of data sets that support a gradient from buried to unburied regions. For example, the Ingalls Complex, southern Mount Stuart region, and southern Tonga Formation were not significantly buried and have biotite cooling ages >80 Ma. Paleoisochrons in these regions using biotite cooling ages strike $E-W and are distinct from patterns of cooling during Tertiary exhumation (Figure 11 ). Along the WNW margin of the core, Brown and Walker [1993] and Brown et al. [1994] described similar gradient and cooling patterns in the Jordan Lakes area. Across the northeast margin of the core, Kriens and Wernicke [1990] , Miller et al. [1993a] , and Baldwin et al.
[1997] presented evidence of an abrupt transition from highpressure rocks with Tertiary cooling ages in the Skagit Gneiss to low pressure rocks with Late Cretaceous cooling ages in units along the Ross Lake fault zone and in the Methow Basin. In the southeastern core, Hopson and Mattinson [1994] presented data for the Chelan Complex and concluded that this complex was dominated by magma emplacement at pressures between 6 -10 kbar between 132-100 Ma followed by uplift and cooling below biotite K-Ar closure temperatures by 60-70 Ma.
[54] In summary, these regional relationships indicate that an older history of Cretaceous exhumation, temporally comparable to that inferred for the upper plate in our study area, is preserved along the margins of the Cascades core. Hornblende and biotite cooling ages that locally predate the age of continued contraction and burial in the center of the Cascades cores (e.g., Figure 11c ) indicate that Cretaceous exhumation began as early as 90 Ma near the southwestern and eastern margins of the core. Long-term average rates of this Cretaceous exhumation (outside of loaded regions) range from 0.2 to 0.5 mm/yr .
[55] The age of regional ductile deformation youngs from the margins to the center of the core [Haugerud, 1987; Miller et al., 1989; Haugerud et al., 1991; Hurlow, 1991; Miller and Paterson, 1992; Paterson and Miller, 1995; ; that is, into the regions recording continued burial and younger biotite cooling ages (Figure 11 ) [Brown and Walker, 1991; Miller et al., 1989; Whitney et al., 1999] . These studies indicate that this younging of ductile deformation into the core started well before Tertiary extension and unroofing. For example, we have established a NE younging of ductile deformation in the Wenatchee block from the mid 90 million year time range near the Mount Stuart batholith (Figure 2 ) to low 90s and high 80s NE of this batholith, to mid to low 80s in domain NE of the Tenpeak pluton [Paterson and Miller, 1995; R. B. Miller et al., unpublished work] .
[56] Thus these regional relationships suggest that the study area, the Tenpeak domain, and the region underlain by the Skagit Gneiss may form the footwall to a Cascades-wide system of younger Tertiary exhumation in which the older, already partly exhumed SW, WNW, SE and NE margins of the core are in the hanging wall (Figures 11b, 11c, and 12) . The ''detachment'' for this Tertiary system would be a broad region of shear potentially including several local shear zones with greater displacement such as the Dinkelman decollement. If correct, this hypothesis focuses attention on the need for ''bounding structures'' along which the Tertiary exhumation was accommodated. Ideally, these zones would be marked by discrete Tertiary structures, or broader zones of displacement that occur along cooling and pressure gradients and have 30-40 km of vertical separation. We presently recognize the possibility of two such structures, the Ross Lake and White River faults (Figures 2 and 11) .
[57] The Ross Lake fault zone, which separates the core from Mesozoic strata in the Methow basin to the east [Misch, 1966; Miller and Bowring, 1990] , is an $10-km wide by >500-km long system of fault zones that record mostly oblique dextral slip with components of Cretaceous and Paleogene reverse slip and Eocene ($55 -45 Ma) normal slip [Miller and Bowring, 1990; Haugerud et al., 1991] . Haugerud et al. [1991] and Baldwin et al. [1997] inferred at least 10 km of vertical displacement on the Ross Lake fault based on the pressure-temperature history of metamorphic rocks in its vicinity, compatible with relationships along the SE part of the Ross Lake fault zone [Miller and Bowring, 1990] . The White River shear zone separates the Tenpeak domain from the Chiwaukum Schist in the Wenatchee block (Figures 2 and 11) , and records post-80 Ma to pre-45 Ma, top-to-SW reverse motion with youngest slip during greenschist facies conditions [Van Diver, 1967; Magloughlin, 1993; . These shear zones are particularly promising structures since they also mark regions of broad transitions from older to younger ductile deformation and younger cooling ages (Figure 11 ).
[58] Constraints on the timing, kinematics, and magnitude of motions on these faults and in the study area are not yet sufficiently precise to clearly establish kinematic links between the faults and the top-to-north shear in the Swakane and Napeequa units. Present constraints are consistent with a model of dextral transpression between $73 and 55 Ma and dextral transtension between 55 -45 Ma [Johnson, 1984; Tabor et al., 1989; Miller and Bowring, 1990; Hurlow, 1991; . If correct, Late Cretaceous exhumation in the study area first occurred by high temperature ductile processes during NE-SW contraction (91 -73 Ma), then by younger, high to moderate temperature ductile processes during dextral transpression (73 -55 Ma), and finally by low temperature slip on discrete surfaces during dextral transtension (55 -45 Ma). The change from transpression to transtension agrees nicely with a change in direction of extension indicated by the 10°-30°counterclockwise rotation of moderate to low temperature lineations in the study area.
Processes Driving Exhumation
[59] To date, the only detailed study proposing driving mechanisms of exhumation in the Cascades core is that of Wernicke and Getty [1997] , based on data from a metamor- phosed diorite body in the Skagit Gneiss, north of our study area. They argued for a three-part history of exhumation in the Cascades core: (1) exhumation between 86 -60 Ma during nearly isothermal decompression from 9 to 4 kbar during a temperature change of 750 -600°C [Whitney, 1992] immediately following contraction; (2) very slow exhumation between 60 -50 Ma; and (3) rapid cooling and exhumation to surface levels between 50-45 Ma. To explain the first phase of exhumation, they proposed that strong, buoyant crust was downwarped during contraction prior to 86 Ma and that magmatism subsequently weakened this buoyant crust between 86 to 60 Ma allowing it to flow upward and mostly laterally (due to a lid of rigid upper crust) as a detached, midcrustal, east-west flowing ''tongue.'' They suggested that the younger exhumation event occurred during transpression and antiformal arching of the core [Wernicke and Getty, 1997] .
[60] We agree with the evidence for widespread crustal thickening and two phases of exhumation but not with other aspects of this model. We have summarized evidence (1) that exhumation started at 91 Ma during contraction and crustal thickening; (2) that widespread contraction continued until $73 Ma; (3) that widespread, pre-86 Ma ductile structures indicate that the mid and lower crust were already weak and flowing; (4) that there is no evidence of a midcrustal, eastwest ''tongue'' between 86 and 60 Ma and instead that flow was initially contractional during thickening and then extensional with north-south flow during this time; and (5) that the timing of crustal thickening and subsequent exhumation migrated toward the center of the core and not outward as predicted by the Wernicke and Getty [1997] model. Our studies also suggest that Wernicke and Getty are incorrect about the timing of emplacement of the diorite they studied relative to regional metamorphism/burial (i.e., undeformed and emplaced after crustal thickening in their paper). Textures in the diorite indicate that it has been metamorphosed and deformed, and that some deformation predated the high-P (10 kbar) metamorphism [Whitney, 1992; P. Pressly and D. L. Whitney, unpublished work] . Plagioclase coronas on garnets [Misch and Onyeagocha, 1976] , described as undeformed by Wernicke and Getty, are deformed in this rock and throughout much of the Cascades core, forming elongate, recrystallized tails in NW-SE lineation-parallel sections. We thus suggest that both the timing and driving mechanisms of exhumation suggested by Wernicke and Getty need modification.
[61] To evaluate processes driving exhumation in continental arcs, it is useful to consider processes within the crust (presented in this paper) along with the change in depth to Moho at various stages of arc development [Dewey, 1988] . The present depth-to-Moho is $30 -35 km everywhere across the Coast Plutonic Complex-Cascades core [Rohay, 1982; Potter et al., 1986; Cooke et al., 1992; Varsek et al., 1993; Clowes et al., 1997; Zelt et al., 1996] . Previous workers, based in part on the Swakane-Napeequa area, have inferred that in the Cretaceous the depth-to-Moho was at least 50 km and possibly 60-70 km this study] . Existing data also emphasize that the magnitudes of exhumation since the Cretaceous are heterogeneous ranging from <10 km to >40 km over lateral distances of <30 km. What remains uncertain is to what degree exhumation and Moho depths simply reflect thinned Cretaceous crust, middle and/or lower crustal lateral flow, or some combination.
[62] Can the Late Cretaceous or Tertiary episodes of exhumation in the Cascades core be driven by mantle removal? Evidence cited from studies in other orogenic belts such as the Andes and Sierra Nevada in support of this mechanism [Kay and Kay, 1993; Platt and England, 1993; Manley et al., 2000] include the following: (1) rapid surface uplift with increased rates of thrusting/extension; (2) a large pulse of high-K mafic magmatism prior to extension and later adiabatic melting; (3) increased thermal gradients and earlier higher peak temperature at lower crustal levels than at higher crustal levels; (4) isobaric heating rather than hightemperature decompression; and (5) the change in the type of mantle xenoliths preserved in volcanic rocks. We have no information about Cretaceous or Early Tertiary mantle xenoliths in the Cascades region. There is little to no evidence for numbers 2 -4 in the Cascades core, which, along with the scale of spatial heterogeneity in exhumation, argues against removal of mantle lithosphere as a driving mechanism for exhumation. We note, however, that some studies in the Chiwaukum region (Figure 2 ) have proposed a phase of isobaric heating for some rocks, based on modeling of garnet compositions [Tinkham, 2002] .
[63] We suggest that existing data indicate relatively stable mantle behavior and only an indirect role of magmatism during exhumation in this arc. We have both initial chemical [DeBari et al., 1998; DeBari, 1999] and field data [Paterson et al., 1994; which indicate that a mantle input and lower crustal melting occurred in this arc during both contractional and extensional histories. In addition, we have argued elsewhere that magmatism is not directly driving loading or exhumation. Instead magmatism plays a secondary role by redistributing mass and heat in crustal columns and by having a transient effect on rheology [Whitney et al., 1999; Miller and Paterson, 2001b] .
[64] The Late Cretaceous exhumation in the Cascades core occurred during major NE-SW contraction, magmatism, and crustal thickening. Evidence of Cretaceous exhumation exists at both shallow to moderate crustal levels (5 -12 km depths) in regions marked by steep paleobarometric gradients, and at deep crustal levels in thrust sheets (20 -40 km depths in the study area). We see two likely driving mechanisms: isostatic adjustments during coupled crustal thickening and erosion [Willett and Beaumont, 1994; Willett, 1999; Zeitler et al., 2001] and movement in the hanging walls of thrust faults [Cook and Crawford, 1994] . The slow rates, location, and presence of steep paleobarometric gradients suggest that coupled erosion and isostatic adjustments at the edges of regions being thickened drove most Cretaceous exhumation. Presumably, similar exhumation was occurring at high crustal levels in the center of the core during thickening, but these rocks have since been completely removed. However, the required Cretaceous midcrustal exhumation in the upper plate of the Dinkelman decollement (Figures 10 and 11 ) must result from a different process. This region was being exhumed from $40 km to $20 km between 91 and 73 Ma while much of the central part of the core was being buried. Thus the most likely way to explain these relationships is if the upper plate was an active thrust sheet that moved fast enough to cause upward motion at a rate faster than any downward motion caused by loading (i.e., our initial estimates suggest that a vertical uplift rate of >3 mm/yr is needed in the upper plate). The presence of the Dinkelman decollement and west to SW directed kinematic indicators are at least compatible with this hypothesis.
[65] In our study area, Tertiary exhumation occurred during N-S extension slightly oblique to the NW trend of the arc. In the Coast Plutonic Complex, several groups have suggested that similar periods of exhumation have been driven by gravitational collapse of thickened crust during dextral shearing [Parrish et al., 1988; Klepeis and Crawford, 1999] . This is certainly a possible mechanism but by itself is troubling to us for the following reasons. We would expect this mechanism to largely result in northeast-southwest extension (away from topographic highs), whereas in both the Coast Plutonic Complex and Cascades core there is also evidence for north-south extension. In addition, in the Cascades core, this extension began during transpression (73 -55 Ma), with both contraction and top-to-north shear occurring at the same crustal level. We therefore suggest that a likely additional process is differential stretching or arching along the arc coupled with differential surface erosion resulting in heterogeneous N-S extension and exhumation [e.g., Wells et al., 1999] . We suggest that the cause of this along strike variability may involve any combination of three processes: along the arc variability of (1) tectonic thickening/stretching; (2) erosion rates; and (3) underthrusting of buoyant materials like the Swakane Biotite Gneiss.
[66] If correct, this hypothesis raises the issue of heterogeneity of the above three processes and the amount of exhumation along the arc. At present, this is hard to evaluate because large sections of the Coast Plutonic Complex remain poorly studied. We also note that when evaluating this hypothesis it is important to distinguish magnitudes of Cretaceous from Tertiary exhumation since present surface exposures have paleopressures reflecting both of these events. The few existing studies of Tertiary exhumation in the Coast Plutonic Complex point out two interesting features: (1) the existence of a typically earlier but overlapping episode in which upper plates above gently dipping shear zones consistently moved north relative to lower plates [e.g., Friedman and Armstrong, 1988; Friedman, 1992; Klepeis et al., 1998; Crawford et al., 1999; Klepeis and Crawford, 1999 ; this study; L. Kennedy and M. Smith, unpublished work], and (2) a typically younger episode of exhumation that is kinematically and temporally heterogeneous along the arc Andronicos et al., 2000; Rusmore et al., 2000; Farley and Rusmore, 2001] . Both of these episodes are permissive with our hypothesis of along-arc heterogeneity in displacements, underplaning, and/or erosion resulting in arc-oblique extension.
Summary: Cascades Exhumation and General Applications to Other Continental Arcs
[67] We propose the following history to explain the timing and patterns of exhumation in the Cascades core. NE-SW contraction and crustal thickening was widespread between >96 Ma to 86 Ma and migrated into the center of the core, where it continued until $73 Ma. Slow exhumation (<1 mm/yr), driven by coupled erosion and isostatic adjustments, began during this contraction in domains along the margins of the thickened core and presumably at high elevation in the center of the core. Locally, deep crustal rocks in the hanging walls of rapidly moving thrusts were also exhumed (e.g., Napeequa Complex). Evidence for Late Cretaceous isothermal decompression (e.g., in the Chiwaukum Schist) exists in some areas, indicating that some thickened domains also immediately began to be exhumed.
[68] NE-SW contraction gave way to dextral transpression between 73 -55 Ma, followed by dextral transtension at <55 Ma during which poorly understood differential flow, underplating, and/or erosion along the arc caused both E-W and N-S extension and relatively rapid exhumation. In the Cascades core an example of Tertiary N-S extension driving exhumation is best documented in the center of the core where the Swakane and Napeequa units were exhumed during top-to-north shear along a wide (>2 km thick) lowangle decollement. Units in this rapidly exhumed area underwent high temperature decompression followed by slower cooling during which continued top-to-north shear became increasingly brittle and localized. The youngest (pseudotachylite-present) slip events may reflect movement on seismically active low-angle slip surfaces. We suggest that Tertiary exhumation associated with N-S shear reflects heterogeneous arching/underplating/erosion along the arc, whereas regions of E-W extension reflect gravitational collapse of thickened crust.
[69] The above results indicate that in the Cretaceous and early Tertiary Cascades, arc exhumation processes were markedly heterogeneous and operated during both early contraction and subsequent arc-oblique and arc perpendicular extension. The combined Late Cretaceous and Tertiary exhumation resulted in very heterogeneous crustal depths presently exposed at the Earth's surface, with calculated maximum pressures ranging between 3 and 12 kbar. We suggest that the mantle remained relatively stable and that this largely reflects complex patterns of vertical versus lateral flow of crust.
[70] Another interesting way to view our results is that exhumation was always occurring, although the rates of and processes driving exhumation varied dramatically. For example, our data suggest that slow ($0.6 mm/yr) exhumation in the Tertiary, driven by coupled isostatic uplift and erosion, was occurring everywhere. But at the same time faster ($1.6 mm/yr) exhumation was occurring in the central core where extensional faulting played a role.
[71] Episodes of Cretaceous exhumation during contraction have not been well documented in this arc and it would be useful to look for them elsewhere. Additional studies aimed at better documenting the ages of peak metamorphism would be invaluable [e.g., Stowell and Goldberg, 1997; Stowell et al., 2001] . This study points out that the age(s) of peak pressures should vary both along and across the arc, although these ages remain difficult to determine.
[72] It is interesting to speculate that the markedly heterogeneous patterns in space, time, rates, and driving mechanisms of exhumation seen in the Cascades-Coast Plutonic Complex may reflect the more complex processes and transient rheologies that typically occur in continental arc environments [Miller and Paterson, 2001b] . We propose that the scale of heterogeneity we see in this exhumed continental arc suggests that mantle delamination did not play a role in driving exhumation and that internal processes were as important as any effects of changing plate motions. It is also interesting to compare the complex pattern of Tertiary exhumation in the Cascades-Coast Plutonic Complex with the apparently more consistent temporal and kinematic pattern of E-W extension and exhumation east of the arc in the Omineca-Sevier belt [e.g., Hodges and Walker, 1992; Fox, 1994; Doughty and Price, 1999; Johnston et al., 2000] . The next step is to explore dynamic links between the tectonic-thermal evolution of the continental arc region with the interior (eastern) part of the Cordillera in terms of crustal flow history and mechanisms of exhumation [e.g., Whitney et al., 2004] .
Appendix A: Summary Geochronologic Data
[73] Below we present U-Pb zircon dates from six samples located in the southeastern Cascades crystalline core (Figures 2 and A1 ; Table A1 ) obtained by Hurlow [1992] , five new Ar 40 /Ar 39 ages ( Figure A2 ), and a summary of previously published geochronologic data (Figures 2, 3, and 6 ).
A1. U/ /Pb Analytical Techniques
[74] Zircon separates were extracted from 20 to 50 kg, unweathered samples using standard pulverizing, gravimetric, and magnetic techniques. The bulk separates were divided into magnetic fractions using a Frantz magnetic separator, then subdivided based on grain size and petrographic characteristics. Many fractions were air abraded [Krogh, 1982] (see Table A1 ) prior to dissolution. Zircon dissolution and chemical separation and purification of Pb and U followed methods described by Parrish et al. [1988] . Prior to chemical purification, the dissolved samples were divided into two aliquots; one was used to measure the isotopic composition of Pb, and the other was used to measure the concentrations of Pb and U after adding NBS standards 983 (for Pb) and U500 (for U). The chemical separates were loaded together onto outgassed, zone-refined Re filaments, using a phosphoric acid-silica mixture as a medium. Isotopic compositions were measured on a sevencollector VG Sector mass spectrometer equipped with a Daly photomultiplier. Pb analyses were run in static mode with the 204 Pb signal measured by the Daly detector. U was run as UO 2 in static mode or, for low-concentration samples, in dynamic mode using the Daly detector. Data reduction utilized the algorithms of Ludwig [1980 Ludwig [ , 1989 .
[75] Plagioclase feldspars were leached for 2 min in a 5% HF solution, then dissolved using a stepwise-leaching approach. Pb was separated from the dissolved sample using a HBr-HCl ion exchange resin, then was loaded onto outgassed, zone-refined Re filaments in a phosphoric acidsilica gel medium. Pb isotopic compositions were measured in static mode, and the values were corrected for mass fractionation of 0.12 ± 0.04 %/amu. Results are reported in footnotes to Table A1 , and have 2-sigma precision of better than 0.1%.
A2. U/ /Pb Results A2.1. Entiat Pluton [76] Hurlow [1992] collected a sample of nonmylonitic biotite-hornblende tonalite 3 km northeast of the SW margin for U-Pb geochronology to avoid possible effects of mylonitization on the U-Pb systematics of zircon (Figures 2 and A1a). The sample possesses magmatic foliation and lineation defined by igneous hornblende, biotite and plagioclase phenocrysts that are subparallel to fabric along the SW margin of this pluton.
[77] Six fractions of gem quality zircon plot on or near the concordia line with U-Pb dates that range from 69.8 to 75.9 Ma and Pb-Pb dates that range from 63 to 178 Ma (Table A1 and Figure A1a U date of 73.2 ± 0.7 Ma. This result is consistent with a U-Pb zircon date for the Entiat pluton published by Tabor et al. [1987] . A2.2. High Pass Pluton, Tenpeak Domain (Sample CLM-7)
[78] This sample of foliated biotite granodiorite was collected from a 2-km-thick sill of the High Pass pluton that intrudes the Napeequa Complex near the contact with the Swakane Biotite Gneiss (Figure 2 ). The foliation is defined by medium-to fine-grained biotite and by coarse, prolate quartz grains and aggregates. Plagioclase phenocrysts are subhedral and undeformed. Both submagmatic and subsolidus fabrics are present using the criteria of Paterson et al. [1989 Paterson et al. [ , 1998 ]. The sheet does not extend into the nearby Swakane Biotite Gneiss. Foliation in the pluton intensifies and rotates into parallelism with the Entiat fault, and the overall shape of the pluton suggests a tadpole whose tail is deflected in a clockwise sense as it approaches the Entiat fault [Cater and Crowder, 1967] . These relations imply that the High Pass pluton intruded the Napeequa Complex during active deformation but before juxtaposition with the Swakane Biotite Gneiss and is overprinted by continued deformation along the Entiat fault.
[79] Two size fractions of gem quality zircons yielded concordant U-Pb dates of 84 Ma, and two size fractions containing visible, clear to brown-colored inclusions have concordant U-Pb dates of 86 Ma (Table A1 and Figure A1b ). The systematics may reflect inheritance of older zircon in the fractions with visible inclusions. The concordance of these fractions indicates that the inherited zircon were probably Mesozoic and/or late Paleozoic. The lack of correlation between U concentration and apparent age implies that the sample did not suffer significant Pb loss. The best estimate for the crystallization age of the sill is 84 ± 1 Ma, the U-Pb date of the two gem quality fractions.
A2.3. Sheets in Napeequa Complex
[80] Two samples (H-128 and H-129) were collected from intrusive sheets near where the Napeequa Complex is cut by the Entiat Fault Zone (Figure 2 ). Both samples are from a suite of coarse-grained to pegmatitic granitoid dikes that intruded a 0.5-km-thick high strain zone. H-129 is a coarse-grained biotite tonalite that was penetratively deformed and transposed parallel to the foliation. H-128 is an unfoliated pegmatitic garnet-muscovite granite that cuts the foliation and lineation.
[81] Seven fractions from H-129 are variably discordant and are dispersed away from concordia (Table A1 and Figures A1c and A1d) . The three non-magnetic size fractions are all less discordant than the magnetic fractions, and the most discordant fraction contains abundant petro- Figure A1 . (a-f) U-Pb concordia diagrams for zircon fractions from samples described in text. Interpreted crystallization age is given for each sample (see text for explanation). Ellipses show 2 sigma errors. On a Frantz magnetic separator with slope of 12°, A is nonmagnetic at 1.8 amps, À1°tilt; B is nm at 1.8 amps, 1°. The ''a'' indicates abraded fraction. The ''i'' indicates that the grains had visible metamict cores and/or inclusions. All other grains were colorless, euhedral, and largely inclusion-free.
b Radiogenic Pb. Pb, are as follows: for 18.959, 15.516, 38.361; 19.194, 15.537, 38.575; 19.108, 15.523, 38.361; 19.091, 15.518, 38.479; 18.909, 15.493, 38.627 . Analytical methods for feldspars are summarized by Hurlow and Nelson [1993] . Model ages used to calculate initial common Pb values are as follows: for ARD-5E, 67 Ma; for OR-2, 1150 Ma; and for TM-21, 73 Ma. Ar results for Napeequa Complex and Swakane Gneiss. For each sample, age spectrum (left) and isochron plots (right) are presented. See text for further explanation. graphically visible, metamict cores and brown inclusions. The coarse, least-magnetic fraction is concordant within analytical uncertainty at 70.7 ± 1 Ma (average of the two U-Pb dates). A weighted regression which gives greater weight to the more concordant points (Model 4 of Ludwig [1990] ) yields a lower intercept age of 70.1 ± 1.5 Ma, and an upper intercept age of 1627 ± 335 Ma ( Figure A1c ). These relations are interpreted to reflect inheritance of Precambrian zircon. The most likely source for the inherited zircon is the Swakane Biotite Gneiss, the only unit in the crystalline core known to contain Precambrian zircon [Mattinson, 1972; Matzel et al., 2002] . Reasons for the nonlinearity of the fractions may include (1) contribution from more than one age population of inherited zircons from the Swakane and/or Chelan Mountains terranes, and (2) Pb loss or other isotopic disturbance. The crystallization age of the dike is interpreted to be 70.7 ± 1 Ma, the average of the two U-Pb dates for the concordant fraction.
[82] Five discordant fractions from H-128 are dispersed away from concordia, similar to the pattern observed for sample H-129 (Table A1 and Figure A1d) . A regression line yields a lower intercept age of 67.5 ± 1.2 Ma and an upper intercept age of 1813 ± 213 Ma. The systematics are interpreted to reflect mixing of magmatic zircon with an inherited population of Precambrian zircons, possibly derived from the Swakane Biotite Gneiss. The lower intercept age is interpreted as the intrusive age of the dike.
[83] A third sample (CM-5) ( Figure 6 ) is from an 0.3-mthick leucocratic biotite granodiorite dike that cuts foliated and lineated amphibolite of the Napeequa Complex and is itself internally deformed and possesses textures suggestive of dynamic recrystallization of quartz under greenschist facies conditions. The dike cuts an earlier amphibolite facies metamorphic fabric in the host rock; crenulation of this fabric and associated growth of chlorite is inferred to be coeval with deformation of the dike. These relations indicate that the dike intruded during deformation and cooling of the country rock.
[84] The gem quality fraction from CM-5 yielded concordant U-Pb dates of 68.5 ± 0.2 Ma and 68.8 ± 0.7 Ma, and the fraction containing visible inclusions yielded an older, slightly discordant age (Table A1 and Figure A1e ). The average of the two U-Pb dates for the concordant fraction, 68.6 ± 1 Ma, is interpreted to be the emplacement age of the dike. Discordia treatment of the data, while not statistically rigorous, yields a lower intercept age of 68.4 ± 0.6 Ma and an upper intercept age of 1881 ± 818 Ma. The upper intercept age suggests inheritance of Precambrian zircon derived from the Swakane Biotite Gneiss.
[85] A fourth sample (ARD-5E) ( Figure 6 ) is from a 0.3-0.5-m-thick sheet of fine-grained biotite tonalite that intrudes deformed amphibolites of the Napeequa Complex. The tonalite is strongly mylonitized, with a 10-cm-thick band of ultramylonitic fabric at its center. Feldspar and biotite are entirely recrystallized and their grain shapes, along with strongly prolate coarse aggregates of recrystallized quartz, define the foliation. Muscovite grew on foliation planes after the deformation. The amphibolite country rock contains thin bands and irregularly shaped pods of leucotonalite that are strongly deformed and folded, suggesting local partial melting during deformation. The mylonitic fabric in the tonalite dike appears to be coeval with to slightly later than the deformation and amphibolite grade metamorphism in the country rock.
[86] Three fractions from ARD-5E, including one with visible cores, are dispersed away from the concordia line along a roughly linear array (Table A1 and Figure A1e) . A regression line through the data yields a lower intercept age of 66.7 ± 2.4 Ma and an upper intercept age of 2269 Ma. The slight noncolinearity of the data points (mean square weighted deviate (MSWD) = 6.2) may be due to assimilation of an inhomogeneous zircon population such as the Swakane Biotite Gneiss. Even so, the lower intercept age is regarded as a reasonable estimate of the crystallization age of the dike.
A3. New Ar-Ar Ages
[87] We have collected five new Ar-Ar ages from the Napeequa Complex and Swakane Biotite Gneiss, which were run at the Ar lab at MIT, and are described below. All errors are 2 sigma. [88] This siliceous biotite schist to gneiss is located 5 m structurally above the Dinkelman decollement along Roaring Creek (Figure 2 ) and contains the assemblage biotite-muscovite-plagioclase-quartz; biotite helps define a moderately developed foliation. Eleven increments were run that yield very close to a plateau ( Figure A2a ). An isochron was constructed with increments 1, 4, 6, 7 and 8, which has a MSWD of 0.03, initial 40/36 Ar of 268 ± 1, and an age of 59.8 ± 1.5 Ma. A few of the other increments fall off of this isochron by only a small amount, so this appears to be a reliable age. A3.2. Napeequa Complex Hornblende (Sample ARD-4-1)
[89] This coarse-grained amphibolite to hornblende gneiss lies directly above the Dinkelman decollement. It is very well recrystallized and foliated, consisting of hornblende-plagioclase-quartz-garnet-clinozoisite-sphene. Ten increments were run ( Figure A2b ). This sample has larger errors than those in which biotite was dated, but it is the only sample to yield both a plateau and an isochron. Increments 6 to 10 give a plateau with 92.7% of the observed 39 Ar and an age of 64.3 ± 5.3 Ma. The same increments give an isochron with MSWD of 0.8, an initial 40/36 Ar of 300 ± 55, and an age of 64.0 ± 6.4 Ma. We have high confidence in these numbers, particularly the isochron age. A3.3. Swakane Biotite (Sample [90] This gneiss was collected directly below the Dinkelman decollement and ARD-4-1 along Roaring Creek and consists of biotite-muscovite-plagioclase-quartz-clinozoisite. Well-formed biotite lies in both the strong foliation (S T ) and extensional crenulation cleavage (S ecc ) associated with top-to-NNE shear. Eleven increments were run. No plateau or isochron can be constructed from these data ( Figure A2c) . A line through all of the increments has a MSWD of 86.1, an initial 40/36 Ar of 280 ± 8, and an ''age'' of 44 ± 2 Ma. This is the least reliable of the ages, as none of the increments has a good yield of radiogenic 40 Ar (>95% is best). A3.4. Swakane Biotite [91] This sample also lies a short distance below the Dinkelman decollement, but $10 km along strike to the NW from ARD-4-2. The assemblage in this gneiss is also biotite-muscovite-plagioclase-quartz-clinozoisite. There is some variability in the grain size of biotite, which lies in both S T and S ecc . Eleven increments, each with low errors, were run ( Figure A2d ). There was no plateau or isochron, but close to one. A line through all increments except 11 yields a MSWD of 32, initial 40/36 Ar of 264 ± 9, and an ''age'' of 46.2 ± 1.5 Ma. A3.5. Swakane Biotite (Sample ARD-2-1)
[92] This sample lies much farther below the Dinkelman decollement than the other dated gneisses; it consists of biotite-quartz-plagioclase. Biotite lies in S T and in the prominently developed S ecc . Eleven increments were run, each with low errors ( Figure A2e ). There was no plateau, but very close to one. An isochron based on increments 5 to 8 has a MSWD of 0.1, initial 40/36 Ar of 256 ± 4, and an age of 49.1 ± 1.2 Ma. We have high confidence in this number. 
